Modelling of full scale fire tests has led to new understanding of the behaviour of structures under fire conditions . Much of this understanding has come from parametric analysis using different finite element models. Outcome of each model depends on the assumptions adopted in the structures idealization. Recent research es showed that behaviour of indeterminate structures at high temperature changes drastically from its behaviour at ambient temperature and large deflections experienced in real buildings during fire a re due to restrained thermal expansion of steel members. However, slabs are the largest elements in any building and it is expected to play a major role in distributing the applied load and contributing to the stability of structures. Modelling of concrete slab at high temperature has been the subject of several researches with different advantages for each model. This paper describes a grillage slab model used to idealize the concrete slab at high temperature. This simplified model has the advantage of ide ntifying the function of slab at high temperature and providing a clear understanding of its contribution to the global stability of structure during fire Finally the comparison of the developed models and experimental results show a good agreement.
Introduction
Understanding the behaviour of different structural elements during fire i s essential to safely design buildings that can resist fire for a defined duration. Buildings are classified according to their use and importance; each has to withstand fire for enough time to allow fire fighters to extinguish the fire and safely evacuate people before any collapse. Following several fire disasters, the assessment of structures stability and behaviour of individual elements have been the focus of many research projects in fire safety over the last 2 decades [18] . Large full scale experimental works [1] and finite element modelling [ 17] were conducted to understand the real effect of fire on building.
In typical construction system , slabs, beams and columns distribute the applied load from each level to the ground through foundation. Their behaviour at high-temperature depends on their strength, duration and variation of heating regime with time and spac e [10, 16] . At ambient temperature, slabs are two dimension al elements subjected to applied transverse loads. They transmit the applied loads to beams through bending , shear and normal forces. However at high-temperature, thermal expansion of concrete slab s exposed to fire against surrounding floor creates new horizontal forces in the slab. The significance of the temperature field and the way it influences the structure are crucial for developing safe structural design. There are two main effects of heating in a structural member, thermal expansion caused by an average rise in temperature, and thermal bowing caused by a nonuniform distribution of temperature over the depth of the member. Both of these actions impose thermal strains; longitudinal extension in case of expansion and curvature as a result of thermal bowing. However if these thermal strains are restrained, the result is the development of mechanical strains in the opposite sense of the thermal strains thus reducing the total strains and therefore displacements, giving rise to large forces, most commonly axial compressions and hogging moments. However if the gradients are large enough axial tensions can also developed. This paper presents the development of simplified model for concrete slabs exposed to fire based on the modelling of the slab orthotropic behaviour by two separate slab responses in the longitudinal and transverse directions using a grillage representation. This slab model is implemented in a larger finite element model to simulate the behaviour of two full scale fire tests. It reproduces all the phenomena occurring during fire and has the advantage of providing a description of the complex behaviour in a relatively simplified context.
Geometric description Layout
The flooring system studied in this paper is composed of concrete slab casted over steel deck and connected to steel joists using shear studs. The slab was cast in -situ on profiled steel decking and had a total thickness of 130mm. Slabs have ribs in the short direction spanning between secondary beams. At ambient temperature, the slab distributes the load in the short direction and it mainly behaves in one way direction as shown in Figure 1 . Secondary beams are connected to primary beams or directly to steel columns. Slab main reinforcement consists of the steel deck of 0.9mm thickness [9] . A reinforcement mesh of 142mm 2 is also provided as secondary reinforcement to resist cracking and bridges over the secondary beams in the negative (hogging) bending zones as shown in Figure 2 . Several compartments were built on the described slab, with variable area and locations. T heir objective was to confine each fire test to a pre-defined zone of the floor. Several fire tests were carried out and all tests were fully instrumented with temperature probes, extensometers and strain gauges respectively. Two tests are used in this pap er to validate the slab model developed viz .: Fire Test1 and Fire Test3 (see Fig. 1 ).
Test1 was constructed on the seventh floor . This fire test was designed to study the behaviour of a secondary beam spanning between two steel columns. The beam was surro unded by a gas fired furnace but the columns and connections were left outside . The furnace was 8m long x 3m wide x 2m high; insulated with mineral wool and ceramic fibre . The heating regime was between 3°C/min -10°C/min until temperatures of 800°C -900°C were achieved.
In Test3, the compartment was approximately 80m 2 and built on the first floor in one corner of the building. To achieve the required level of thermal loading (around 1000°C), a real fire was created, with a fire loading of 45kg of wood/m 2 and the ventilation was provided by an adjustable 7m wide opening. The tested floor contains 4 unprotected beams and 2 protected edge steel beams. All secondary beams are equally spaced and have 9m span connected semirigidly to columns or to primary beams . The heated primary beam has a length of 6m. All steel columns were protected along their full height , Figure 1 shows the layout of the test .
Discretization of concrete slab Grillage model of slab
Proceedings of the 9 th ICCAE-9 Conference, 29-31 May, 2012 MS 5 Figure 3 shows the finite element model of half floor. The slab behaviour is modelled by a grillage type idealization using beam elements to represent the slab behaviour in both the longitudinal and transverse directions. In the longitudinal direction (X), the slab element has a rectangular section with 70mm depth and an effective width equal to 2250mm, calculated according to Eurocode 4 [5] for a simply supported beam case. In the transverse direction (Y), slab elements have a trapezoidal shape and the geometry of the concrete section in this direction is shown in Figure 2 . Table 2 gives the dimensions of the used composite sections in both directions.
Material behaviour
For concrete exposed to high temperature, the relationship between stress and strain changes considerably. At increased temperature, the material properties degrade and its capaci ty to deform increases which is measured by the reduction of Young's modulus. In the finite element model, the relation between the stress and the strain under high -temperature is defined according to Eurocode 2 [3] as shown in Figure 4 . The initial elastic behaviour is followed by a plastic-hardening curve up to the ultimate stress, after which, a decaying zone represents the post-crushing behaviour of concrete. This relationship has th e advantage of allowing the definition of a stress level for large plastic deformations, usually reached during fire conditions. It may be noted that no tension stress is considered in the model for the concrete at both ambient and elevated temperature s; however the tensile resistance of the reinforcement and the steel deck is considered according to Eurocode 3 [4] . 
Properties of concrete at high temperature

Slab modelling
In a reinforced concrete s lab, complex behaviour has to be modelled. The difference in behaviour of RC slab in tension and compression, the orthotropic behaviour of concrete due to the reinforcing mesh and the decking steel as well as the development of membrane action need to be considered in order to provide a realistic representation of the slab behaviour. In the developed model, the RC slab is divided into layers for both of the thin part and the ribs. Each concrete element is based on the global behaviour of the concrete sectio n, with the above factors taken into consideration. The slab is modelled by two sets of beam elements running parallel and perpendicular to the secondary beams. In each direction, the beam elements have a pre-defined force-strain and moment-curvature relationships. These relationships are calculated based on the geometry and the material properties of the cross section in each direction and taking into account the variable temperature over the same section as well as the corresponding material properties. T he axial force-strain relationship at temperature (t) takes the following form: Eq.1
and, the moment-curvature relationship at temperature ( t):
with σ Cj is the stress in concrete at layer j which depends on the mechanical strain ε m at this level, σ SD is the stress of steel deck, σ SM is the stress of secondary steel mesh , A i , A j , A SD and A SM are the areas of concrete layer in thin part, the area of concrete layer in the rib part, the area of steel deck and the area of steel mesh respectively, Y i , Y j and Y C are respectively the distance of thin layer, rib layer and centroid of the section from the lower deck.
The behaviour of the RC slab in the longitudinal direction (direction of the secondary joists axis) produces a bilinear moment/curvature and force/strain relationships which are uncoupled as shown in Figure 6 & Figure 7 . The yield points for the force relationship in each sense are given by the section's plastic resistance for normal force (with different values for tension and compression). The yield points for the bending relationship are given by the section's plastic resistance for bending (with different values for sagging and hogging moments). The post-yield behaviour is modelled by a linear relationship (moment/curvature and force/strain), decreasing from the yield point to the ultimate section resistance based on the steel reaching the limiting strain for yield strength.
The behaviour of the slab in the transverse direction (direction of the primary joist s axis) is also modelled by beam elements. The transverse bending and transverse membrane action of the slab produce the uncoupled bilinear moment/curvature and force/strai n relationships shown in Figure 8 & Figure 9 . All over the slab, the beam ribs have a very high bending stiffness about the vertical axis (i.e. relating to bending deformations in the hor izontal plane) this is modelled by increasing their bending stiffness to 100 times the bending stiffness of an individual rib. To overcome convergence problem s in the numerical solution, the slab tension and hogging moment includ ing hardening beyond the first yield point. The beam element used in modelling the slab is a 3D beam element with linear elastic behaviour for torsion . 
Distributed load
The self-weight of the composite steel structure and the live load applied during the test are combined to give an imposed floor load of 5.48kN/m 2 . In the developed numerical model, a distributed load of 5.48 kN/m 2 is applied to the slab by means of the uniformly d istributed loads on the ribs of 1.644 kN/m'. This is maintained at constant value throughout the thermal loading process. Non linear geometric and material effects were included based on the large deformation theory using the Newton -Raphson method [1] .
Thermal load
The effect of fire on the concrete composite structure is modelled by increasing the temperature linearly over 2 steps, from ambient temperature to the maximum temperature reached for each member separately. The thermal effect on the structure was modelled by considering both, the expansion of each element as well as the thermal gradient across its section. These two factors are applied to the RC slab as well as the steel joists. Thermal loading is applied only to t he compartment heated zone and outside it according to the test measurements. It is applied by defining the final temperature over each steel joist and assuming a linear variation from the initial temperature (0°C) to the final temperature. Each joist has a centroid constant temperature along its total length and has a vertical variation in temperature across its section. The vertical variations in temperature are included as a direct input following the test measurements. Temperature gradients are modelle d in both the slab and the joists. For the beam adopted finite elements mesh, the temperatures are defined at five points across the joists section (the centroid and 2 points in each flange). The extreme fibre temperature of the lower flange of the second ary joist in each test is used as the Reference temperature (RLFT). It is the average of the input temperature values for the 2 points in the lower flange.
For the composite slab, only the zone within the compartment is heated. The parts of the slab which lie outside the compartment zone are treated as remaining at ambient temperature at all times. The heating effects for the slab (membrane and gradient values) are applied both to the longitudinal and transverse slab models separately. The temperatures of all points in the slab which lie within the compartment are treated as equal at a given height within the slab. Each rib has a constant temperature over its heated length and is considered to be at ambient temperature outside the furnace. It may be noted h ere that the temperature applied to the slab is the mean temperature acting on its geometric centre and the gradient across its thickness is the mean gradient deduced from the temperature distribution calculated separately from the longitudinal and the transverse directions. In the model, the temperature varies from one beam to the other according to the measured temperatures.
Validation of developed slab model
Fire Test 1
The above developed slab model is implemented here into the finite element simulati on for fire test1. In this test, the heated zone was symmetric , thus only half of the zone was Proceedings of the 9 th ICCAE-9 Conference, 29-31 May, 2012 MS 5 modelled. In the transverse direction (y), the model extended 4.5m on either side of the heated beam to include the adjacent unheated secondary beams and half th e span of the next slab. Thus, a total of four secondary steel joists and two primary joists were considered. Each of them is treated as a steel thin walled I-section rigidly connected to the composite slab. The beam to column connection s as well as beam to beam connections were modelled each with rigid links connecting the displacements and rotations of the beam nodes to those of the column or other beam. For the boundary conditions, at the ends of the ribs the translations in the x & y directions and th e rotations about the x & z axes were all restrained (symmetry). All along the primary beam s, the x-translation and the rotations about the y & z axes were restrained to model the continuity of the slab. At the bottom of the column , all displacements and rotations were restrained, whilst at its top only vertical displacement was permitted.
Temperature regime
The fire was modelled by heating up the RC slab and the steel joists progressively using the measured temperatures of the test until the maximum temp eratures were attained. The temperatures measured at the centroid of the slab in the transverse and longitudinal directions are plotted against the time after the start of the fire as shown in Figure 10 . Although the temperature of the different parts of the structure do es not increase proportionally with each other, an attempt was made to achieve a model which would not depend so much on the detail of the rate of heating of each part. It was therefore assumed that all temperature s increased linearly from ambient to the maximum value for that member. 
Deflection of tested beam
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Deflection measurements were taken along the heated steel joist. The maximum deflection observed for joist was at mid -span (x/l=0.5) and minimum deflection near the column (x/l=0.04). Here the numerical predictions are compared with the experimental results for the two locations. Figure 11 shows the relation between the deflection of the beam at the two locations and the reference temperature of the lower flange of the heated joist at mid -span. The negative sign for the deflection indicates downward movement and a good overall agreement can be observed between the two curves during the full duration of the fire.
Horizontal displacement of columns
The relative displacement of columns on either side of the tested secondary joist was measured in the test, and du e to the symmetry assumed in the model , this relative displacement was divided by two to give a measure of the actual horizontal displacement of one column. This value is compared with the numerical prediction as shown in Figure 12 where qualitative and reasonable quantitative agreements between the model and test are obtained. 
Horizontal forces in slab
The axial forces developing in the ribs of the slab in the transverse direction are shown in Figure 13 . At ambient temperature, these membrane forces are tiny. Between 20°C and 200°C, the ribs develop compressive forces as their expansion is restrained by the cold surrounding slab. The magnitude of the compressive force developed in each rib depends upon its location because deflections permit the expansion to be accommodated without compressive force development Rotter et al. [11] . Thus the ribs near the primary beam develop higher compressions because they deflect less and those near mid -span develop lower compressions because they deflect more . From 200°C onwards, the axial compression in every rib reduces, and the ribs ne ar mid-span (x/L=0.4 & x/L=0.5) develop tension at temperatures above 500°C. The tensile membrane action is mobilized by the large displacement effects as the relative magnitudes of joist deflections and rib thermal expansion compete under the requirement s of compatibility. It should be noted that quite small tensile forces can carry substantial loads because the deflections have already become large, and these tensile forces in slab lie far below its tensile capacity at the relevant elevated temperatures . This tensile membrane action reduces the applied moment on the slabs and allows it to distribute by bridging over the heated zone preventing any collapse of floor that may occur even after the joist ceases of carrying the transverse loads. Figure 14 shows the cracks developed at the top surface of the heated slab after the fire. It demonstrated the development of the tensile force detected by the numerical model simulation.
Fire Test 3
The described slab model de veloped above is implemented here into the finite element model to simulate the fire test3. In the direction of the secondary beams (longitudinal), the model starts from the corner of the structure, covers the heated compartment and extends to the end of the span beyond the compartment to include the membrane forces expected to develop during the fire. In the transverse direction (direction parallel to the slab ribs), the model starts from the edge of the building, cover s the heated compartment and extends to the centreline of the building for the same reason. In the model, each structural steel member is idealized by an appropriate beam element.
Temperature regime
Time variation of temperature inside the fire compartment follows the curves show in figure  12 . The number of measuring points was very few ; only 4 points over the 80m2. The heating was divided into 2 linear steps. First from 0 to 200 C and the second step up to 400 C.
Figure 15 -Slab Temperatures during Fire Test3
Deflection of beams Many measurements were taken over the heated joists. The maximum deflection observed for each joist was at mid-span. Similar deformation is predicted by the finite element simulation and the numerical predicti on of the maximum deflection is compared with the experimental results. First comparison is for the heated primary beam. The first measurement point is located on the bottom flange of the beam at mid -span. Figure 16 shows the relation between the deflection of the beam at this point and the R eference Lower Flange Temperature (RLFT) of the hottest secondary joist at mid-span. The negative sign for the deflection indicates a vertical displacement downward. In both the finite element analysis and the experiment, the deflection increases with temperature and the experimental measurements show a non -linear relationship with three major patterns . First from 0 to 600°C (RLFT) a non linear increase of deflection against temperature occurs, then from 600°C to the 900°C the overall linear pattern is characterized by a flatter slope , then during the final stage from 900°C to 1000°C the deflection increases rapidly against the temperature. In this last phase the rapid increase in deflection is due to a rapid increase in the slab temperature, which combined with the steel joists temperature produces the overall thermal regime applied to the composite slab.
In the finite element analysis two main patterns can be distinguished, firs t from 0 to 690°C where the deflection increas es with nearly a linear relationship, followed by the second phase up to 1000°C in which the relation becomes non -linear with a rapid increase of the deflections against the time. The deflection predicted by th e numerical model reaches the same final value of 100mm at 1000°C, with close values all the way during the fire . The maximum difference between the model and the test is approximately 10mm and recorded near 700°C.
The difference between the model and the test can be attributed to the approximated temperatures applied over mainly the slab. It is to be noted here that the measurement of temperature over the slab was insufficient to give a complete spatial distribution. Proceedings of the 9 th ICCAE-9 Conference, 29-31 May, 2012 MS 5
To ensure that deflected shape of the beam is coherent between the model and the experiment, a second comparison is carried for the other heated secondary joist. This joist was connected to a column at each end and the maximum deflection was obtained at mid -span. In Figure 16 , it can be seen that the behaviour is nearly all through the heating regime from 0°C to 1000°C. The first part of the relationsh ip is very similar to the pattern observed in Test 1 for a similar restrained secondary beam Sanad [12] . The second part of the behaviour is identical with the last pattern observed for the primary beam and is mainly due to the temperature regime applied to the structure at the end of the fire. The numerical predications are in good agreement with the measurement for most of the fire time and the difference observed in the 2 curves at the end of fire is again related to the temperature regime applied to the structure.
Horizontal displacement of columns
A comparison was made for the displacement of th e columns above the floor, where transducers were installed to measure the horizontal displacements of columns. For column E1 connected to the heated primary beam, the measured displacements are compared with the numerical predictions in Figure 17 . The horizontal displacement is plotted against the reference temperature of the joist lower flange at mid -span; the positive sign indicates a horizontal displacement towards outside of the building on the axis of the prim ary beam. The comparison here shows that the order of magnitude of the displacement obtained from the numerical model is comparable with the test results. The model predicts 23mm of column displacement outside the building against nearly 13mm from the test. In the test, the horizontal displacement reaches a maximum value between 500°C and 600°C then it reduces nearly linearly to 13mm till the end of the heating regime. In the numerical model the displacement is steady toward the outside of the building from the start to the end of the fire with a variation at 620°C corresponding to the change from step 1 to step2 in the modelled heating temperature and the difference between the shape of the curves in the experiment and the numerical model can be related to the simplified heating regime adopted in the model. Figure 18 shows the internal axial force developed in the heated slab during the fire . The results are presented for 5 transverse ribs crossing the secondary beams at different locations . The first rib (x/L=0) is just above the edge primary beam . It behaves compositely with the primary beam to carry the imposed load. Large tensile force is developed in this rib and increases with temperature due to the difference in heating regime between the concr ete slab and the steel joists. The temperature and thermal expansion of the edge beam is larger than the slab connected to it, which creates compression in the joist and tension in the slab. The other curves in the figure show the development of large tens ile forces in all ribs from 700 C to 1000 C. At this temperature, the secondary steel joists have lost most of their strength due to material degradation. The transverse ribs develop large tension to bridge over the damaged steel joists and redistribute th e imposed load by tensile membrane action to the non damaged joists outside the fire compartment.
Horizontal forces in slab
In short, the comparisons between the finite element predictions and the test measurements show an overall good agreement for different quantities of deflecti ons and horizontal displacements over the total time of the fire. The different simplifications used in the model, can be applied with reasonable confidence to predict with acceptable accuracy the global behaviour of the structure under fire conditions.
CONCLUSIONS
This paper presents a simplified formulation for RC slab to model composite floor behaviour under fire conditions. The orthotropic slab is represented by a grillage model as its stiffness in the direction of the decking troughs or ribs (transvers e) is significantly higher th an in the longitudinal direction. The slab geometry is idealized using a beam member in the transverse direction for the T-beam corresponding to each rib and another beam member above each joist for the composite action of the slab with the joists. This m odel leads to simple interpretations of composite beam behaviour which can be used to give a clear understanding of the phenomena occurring during fire. The slab grillage model was implemented in a large finite element model to simulate two full scale fire tests. The finite element results were in good agreement with the test measurements. The analysis of the results at high temperature showed the patterns of the development of forces within the slab during a fire. The results confirm that it is the thermal effects of restrained expansion and bowing due to vertical thermal gradients that govern the response of the structure for the whole temperature range of the fire. The internal forces developed in the structure far exceed those caused by the imposed loads. The stability of the structure at high temperature is insured by the development of tensile membrane force s within the slabs that bridge over the heated compartment and develop alternative load carrying mechanisms to distribute the newly imposed load to the surrounding unaffected elements.
